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ABSTRACT
Aluminum (Al) alloys have a multitude of applications, notably in the automotive, aerospace and
coating industries, yet they exhibit significantly lowermechanical strength than conventional steels.
Nanotwins drastically improve mechanical strength while retaining ductility. However, the high SFE
of Al largely prevents twinning. Here, we synthesize Al-Zr alloy films containing an abundance of
incoherent twin boundaries and 9R phases. These alloys exhibit an extended solid solubility of Zr,
retaining a columnar nanotwinned structure across all compositions. These films reach a hardness
up to 4.2 GPa with 10 at% Zr and demonstrate the capacity for producing strong Al alloys with
nanotwins.
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The fabrication of high-strength, light-weight compo-
nents remains crucial for the transportation industry
for improving fuel efficiency without sacrificing safety
[1]. Wear-resistant Al alloy coatings also have a vari-
ety of applications. However, the highest yield strength
of commercial Al alloys is ∼700MPa seen in precipi-
tation strengthened 7075 Al alloys [2,3]. Conventional
methods for strengthening Al include grain refinement
[4,5], precipitation hardening [3], solid solution strength-
ening [6,7], and work hardening [8], with more recent
efforts focusing on severe plastic deformation (SPD) [9]
and mechanical alloying [10]. Further improving the
mechanical strength of Al alloys to beyond 1GPa, a level
comparable to high strength steels, remains a significant
challenge.
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Over the past two decades, nanotwinned (NT) met-
als have garnered significant attention [11]. Many studies
have focused on low stacking fault energy (SFE) met-
als that readily form growth twins, such as Cu (SFE
∼ 22 mJ/m2) [12–14], Ag (SFE ∼16 mJ/m2) [15] and
330 stainless steels (SFE ∼40-50 mJ/m2) [16]. NT met-
als contain abundant 3(111) coherent twin bound-
aries (CTBs) and 3(112) incoherent twin boundaries
(ITBs) [11–13,15,17], and NT Cu reached impressive
yield strengths without sacrificing tensile ductility [12].
TBs obstruct dislocationmotion, similar to grain bound-
aries, leading to strengthening with a reduction in twin
spacing, while ductility is maintained due to TB induced
work hardening [18], detwinning and the migration of
partial dislocations [13]. Bothmolecular dynamics (MD)
simulations [19,20] and in-situ nanoindentation [21–23]
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have confirmed the high barrier strength of CTBs to the
transmission of dislocations.
In contrast, the SFE ofAl is significantly larger (∼120-
160mJ/m2) [24] thanmost FCCmetals, meaning a lower
propensity for twin formation. Bufford et al. demon-
strated the ability of twin replication from a Ag buffer
layer into an Al film fabricated by magnetron sputter-
ing [25,26]. The low SFE of the buffer layer, as well as
the coherency between the interface buffer layer and the
high SFEAl layer, is crucial for this twin formationmech-
anism [27]. Later, it was revealed that TBs could be intro-
duced into sputtered Al by tailoring the film thickness
and texture [28,29]. Recently, various sputtered binary
Al-X (X = Fe, Ti, Ni, Co, Mg) alloy systems have been
shown to have abundant ITBs [30–36]. These boundaries
inAl are strong barriers to dislocationmotion, as demon-
strated by in-situ nanoindentation [22]. The atomic-scale
structure of these ITBs can be described as a periodic
vertical array of 3 Shockley partial dislocations, with b1
being easier to glide than the other two partials under
a high applied stress [37,38]. Consequently, ITBs can be
mobile under high stresses [38], and a sharp ITB (often
containing high stress) can become a diffuse ITB and
form9Rphase, a periodic stacking fault structure [37,38].
The 9R phase is important to the maintenance of plas-
ticity in NT Al as shown by both experiments and MD
simulation [30,32,33].
Zr is frequently used in cast or wrought Al alloys,
however, the influence of Zr solute on the microstruc-
tural evolution and TB formation in Al coatings remains
unknown. In this work, we show that the addition of
Zr solute promotes the formation of a high density of
ITBs and a large volume fraction of 9R phase in sput-
tered Al. Themicrostructure forms columnar grains with
vertically oriented ITBs. Increasing Zr solute composi-
tion leads to greater volume fraction of 9R and a high
hardness of 4.2GPa. This study highlights the capabil-
ity for producing high-strength Al-Zr alloys through the
introduction of ITBs and 9R phase.
Materials andmethods
Al-Zr films with a Ag seed layer were deposited using
magnetron sputtering on HF etched Si(111) substrates.
Both out-of-plane θ−2θ and pole figure X-ray diffrac-
tion (XRD) scans were completed using a Panalytical
Empyrean X’pert PRO MRD diffractometer. Transmis-
sion electron microscopy (TEM) samples were prepared
by mechanical polishing followed by low-energy Ar
ion milling. Plan-view and cross-section TEM (XTEM)
images were taken using an FEI Talos 200X analytical
microscope operated at 200 kV. EDS experiments were
performed on the FEI Talos 200X microscope, equipped
with a Fischione ultra-high-resolution high angle annu-
lar dark field (HAADF) detector and super X energy-
dispersive X-ray spectroscopy (EDS) detector. Crystal-
lographic orientation mapping and grain boundary mis-
orientation measurements were made using Nanomegas
ASTARTM with a camera length of 205mm, a precession
angle of 0.5o, and a step size of 5 nm in the same TEM.
Hardness and modulus measurements were conducted
using nanoindentation with a Hysitron TI Premier
nanoindenter.
Results
As shown in Figure 1(a), the Al-Zr films possess strong
out-of-plane 111 texture, as labeled on the XRD pat-
terns, and no Al-Zr intermetallic peaks were observed,
indicating a solid solution formed at all compositions.
The pole figures in Figure 1(b–d) further confirm the
strong 111 texture, and the Al-Zr alloys in Figure 1(c,d)
exhibit six-fold symmetry, revealing the presence of TBs
in the structure. The relative intensity of the twin spots
increases with Zr content, providing a qualitative assess-
ment of the twin density within the films. The streaks
between spots also identify in-plane rotation of crystals
in the Al-10Zr pole figure.
Bright-field (BF) plan-view TEM images in Fig-
ure 2(a–c) taken along the <111> zone axis reflect
the microstructural evolution. There is a clear structural
transition from a single-crystal-like structure possessing
uniform texture across the sample and minimal in-plane
rotation (≤3 at.%Zr), to a nanocrystalline structurewith
significant in-plane rotation (≥6 at.% Zr), as demon-
strated by the inserted selected area diffraction (SAD)
patterns. Furthermore, the inverse pole figures (IPFs)
in Figure 2(d) show uniform <110> in-plane texture
in the Al-3Zr sample. A kernel average misorientation
(KAM) map (Figure S3) reveals misorientation angles
below 5° in the structure, identifying boundary features
similar to the features in the BFTEM image in Figure 2(a).
Further Zr addition led to columnar grain refinement
and significant in-plane rotation, leading to a nanocrys-
talline structure, reflected in the IPFs in Figure 2(e,f).
Figure 2(g) shows the average grain size of Al decreased
to 50 nm in the Al-10Zr, whereas pure Al had a large
grain size of ∼ 450 nm. Meanwhile, the addition of Zr
led to significant hardening, from 0.75GPa for pure Al to
4.2GPa for the Al-10Zr.
Cross-section TEM (XTEM) images (Figure 3(a,d,g))
taken along the <110> zone axis display columnar
grains bounded by 3112 ITBs. The twinned structure
is confirmed by a second set of spots appearing in the
corresponding SAD patterns (labeled in Figure 3(a) SAD
MATER. RES. LETT. 93
Figure 1. (a) XRD θ -2θ scans of sputtered Al-Zr on Si(111) substrates identifying strong (111) texture. (b-d) XRD (111) pole figure analysis
revealing clear six-fold symmetry after introducing Zr, indicating twin variant formation.
inset). The ITB spacing scales inversely with Zr con-
tent, leading to clear columnar grain refinement. The
additional diffraction spots from the 1/3 111 position
reflect the presence of 9R phase. The EDS scans shown
in Figure 3(b,e,h) confirm that a complete solid solution
forms in all films, even at 10 at.% Zr. This observa-
tion underscores the high degree of solubility achieved
in the far-from-equilibrium state via the sputtering tech-
nique.High-resolutionTEM(HRTEM) images uncover a
sharp, narrow ITB in Al-3Zr (Figure 3(c)) and broad dif-
fuse ITBs (9R phase) stabilized with higher Zr content
(Figure 3(f,i)). The Fast-Fourier Transform (FFT) insets
in each HRTEM image indicates the presence of 9R
phase. Interestingly, increasing the Zr content leads to
broader patches of 9R phase, with some phases expand-
ing across multiple columns (beyond 100 nm).
Figure 4(a) compares the Hall-Petch plot from this
study with other NT Al alloys, nanocrystalline (NC) Al
alloys, and NT Cu [9,13,30–32,39]. It is evident the hard-
ness of NT Al-Zr increases from 1.7GPa in the Al-3Zr
films to 4.2GPa in the Al-10Zr films, far beyond the NC
Al alloys and NT Cu. The NT Al-Zr alloys also possess
a higher Hall-Petch slope (∼9.29GPa nm1/2) than both
NC Al and NT Cu. Furthermore, the hardness of NT
Al-Zr is comparable to NT Al–Fe [30], but slightly less
than NT Al-Ni [32] with similar grain sizes. Figure 4(b)
shows that higher levels of Zr lead to the increasing frac-
tion of 9R phase, with nearly 60% of columns containing
9R phase at 10 at.% Zr, one of the highest fractions of 9R
phase documented in NT Al alloys.
Discussion
The microstructures of NT Al-Zr undergo an interest-
ing evolution with increasing Zr content, clearly showing
both refinement of the twinned grains and an increase
in 9R phase. Typically, the high SFE barrier (∼120-160
mJ/m2) prevents the formation of both twins and 9R
phase in Al alloys. The sputtered Al-Zr alloys have strong
111 growth texture, promoted by the single-crystal sub-
strate and the Ag seed layers. Each sample was deposited
on top of a 40nm Ag seed layer, which possesses a sim-
ilar lattice parameter with Al, promoting the strong 111
texture that facilitates the formation of ITBs [25]. Since
the Ag seed layer is consistent in all samples, the varia-
tion in twin density is clearly attributed to the increasing
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Figure 2. (a–c) Plan-view TEMmicrographs with corresponding selected area diffraction (SAD) patterns with increasing Zr content. The
microstructure transitions from single-crystal-like (Al-3Zr) to nanocrystalline (Al-6Zr, Al-10Zr). (d–f) In-plane inverse pole figures (IPF)
along the < 101> direction, confirming the single-crystal-like structure in Al-3Zr with consistent in-plane < 101> texture across the
entire sample, and the formation of polycrystalline nanograins and grain refinement upon further Zr additions. (g) Plot depicting grain
size (d) and hardness evolution with increasing Zr content.
Zr content. As described by Xue et al., the film growth
process leads to the formation of ITBs as two twinned
nuclei coalesce and form an ITB to minimize interfacial
energy [29]. ITBs consist of a periodic array of Shockley
partial dislocations with a b2:b1:b3 arrangement, where
b2 and b3 are mixed partial dislocations with Burgers
vectors of 1/6 [2̄11] and 1/6 [12̄1], respectively, and b1
is a pure edge partial dislocation with a Burgers vector of
1/6 [112] [37]. With the glide of the b1 partial disloca-
tion away from b2 and b3, the core energy is reduced and
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Figure 3. Cross-section TEM (XTEM) micrographs of NT Al-Zr alloy films. (a,d,g) Bright-field (BF) XTEM image with inserted SAD pattern
showing columnar grains bounded by ITBs. Columnar refinement occurs at higher Zr content. (b,e,h) EDS maps showing complete solid
solution at all compositions. (c,f,h) High-resolution TEM (HRTEM) images of (c) narrow ITB, (f ) extended ITB, forming 9R phase, and (i)
broad 9R phase, spanning ∼ 40 nm.
9R phase forms [38]. It has been suggested that the shear
stress present at the edge of island nuclei during island
film growth drives the migration of the b1 partial, form-
ing 9R [25]. However, detwinning is normally expected
to occur as the high SFE retracts the partial dislocations
bounding the faults. MD simulations conducted by Li
et al. have shown that 9R phase in pure Al is unstable,
whereas the addition of Fe solute stabilizes the twin struc-
ture [30]. The addition of Zr solutemay alter the energetic
landscape during deposition, and as a result, influences
both the atomic migrations and detwinning process.
Therefore, density functional theory (DFT) calcula-
tions were carried out to assess the impact of Zr solute
on the SFE and the migration energy of atomic sur-
face clusters. A schematic depicting the methodology
for the calculations is shown in Fig. S4. The results in
Figure 4(c) show an addition of ∼5 at.% Zr drops the
SFE from ∼125 to 108 mJ/m2. Figure 4(d,e) indicates
that the energy barrier for the migration of a surface
trimer increases substantially from 0.101 to 0.146 eV
and increases from 0.098 to 0.119 eV for a surface hep-
tamer. Both results support the formation of ITBs and
help explain the high degree of stabilization of 9R phase
as shown in Figure 4(b). The increasing energy bar-
riers for surface cluster migration suggest Zr prevents
detwinning, leading to the stabilization of the partial dis-
locations that form 9R phase. In addition, further DFT
calculations indicate that Zr prefers to reside at substitu-
tional sites (lower formation energy,−1.22 eV, compared
to +2.62 eV for an octahedral site), which could prevent
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Figure 4. (a) Hall-Petch plot comparing hardness of NT Al-Zr with Al and other NT Al-X systems and NT Cu [9,13,30–32,39] (b) Fraction
of columns containing 9R phase and grain size evolution with at% Zr. (c) DFT calculation comparing energy required for stacking fault
formation in pure Al and Al-Zr. Zr reduces the stable stacking fault energy of Al. (d–e) DFT calculation showing excess energy per surface
atom for (d) trimer and (e) heptamer clusters to move from an FCC stacking position to a faulted position. Zr increases the energy barrier
for surface migration.
self diffusion of Al atoms during growth, leading to a
higher density of twins and SFs retained in the film. Con-
sequently, the nucleation of 9R phase is promoted by the
traction stress (during island coalescence) and the high
energy barrier for surface migration of atomic clusters
and a reduced defect formation energy induced by Zr
solutes facilitate stabilization of the 9R phase in Al-Zr
alloys.
The high strengths of these NT Al-Zr alloy films arise
from several factors that are closely tied to the unique
microstructure of the films. These include solid solution
strengthening (SSS), ITB induced boundary strengthen-
ing, and 9R phase induced strengthening. First, although
the equilibrium solid solubility of Zr in Al is minimal,
due to the high quenching rate in sputtering, a high con-
centration of Zr atoms can be trapped in the matrix,
forming a supersaturated solid solution. The Zr solute
atoms induce lattice distortion and the consequent SSS
in NT Al-Zr can be estimated by using the Fleischer
equation [40],
ΔσSS = 0.0235 ∗ Gsolv ∗ εs3/2c1/2 (1)
where σ ss represents the strength increment, Gsolv is

































where G is the shear modulus of the alloy, asolv and
a are the lattice parameter of Al and the alloy, respec-
tively. α is taken to be 0.0235, amaterial dependent factor
calculated for Ni-W alloys, that was determined to be
suitable for these solid solution nt Al alloys [31,35]. For
this calculation, it is assumed that both dG/dc and da/dc
are linear with solute concentration. These calculations
demonstrate theminor hardening contribution fromSSS,
with only a σ ss increase of 0.0283GPa for 10at% Zr,
after considering theTabor (2.7) [41] andTaylor (3.1) fac-
tors [42]. This calculation suggests that SSS alone cannot
account for the high strength of the NT Al-Zr alloys.
The Hall-Petch plot in Figure 4(a) captures the impact
of the TB induced strengthening effects. Since the
influence of SSS is minor, the large increase in Hall-
Petch slope (ky) to ∼9.29GPa∗nm1/2 (comparing with
4.7GPa∗nm1/2 NC Al) can be attributed to the presence
of both sharp ITBs and expanded 9R phase, analogousto
thin and thick GBs reported recently in Ni alloys [43].
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Ding et al. [43] show that a thick GB leads to a higher
Hall-Petch slope comparedwith the same alloys with thin
GBs. MD simulations prove that the thick GB is more
effective at strengthening polycrystalline materials [43].
The ability of ITBs to provide strengthening by blocking
dislocations has been clearly supported by both in-situ
nanoindentation and MD simulations, demonstrating
the ability of ITBs in Al films to resist dislocation pile-ups
and induce substantial work hardening [22]. In addition,
MDsimulations of compression tests ofNTAl–Fe further
elucidate the extensive interactions between dislocations
and 9R phase [30]. The high fraction of 9R phase in
these NT Al-Zr alloys provides an opportunity to isolate
9R’s impact on Hall-Petch strengthening. The presence
of the 9R phase (Figure 3(f)) and the periodic SF struc-
ture means that mobile dislocations will be obstructed
by 9R phase, or diffuse ITBs, in addition to the narrow
(sharp) ITB columnar boundaries. 9R phases effectively
block the transmission of mobile dislocations, and adds a
new component to the strengthening equation as follows:
σ = σ0 + σss + kITBd−1/2 + k9RL−1/2 (3)
where k9R and L represent the 9R strengthening coef-
ficient and spacing between 9R regions, respectively.
Since MD simulations have demonstrated the similarity
between ITBs and high angle GBs in preventing disloca-
tion emission [44,45], a k value of ∼4.7GPanm1/2 [9]
for NC Al (Figure 4(a)) was adopted for kITB, and d rep-
resents the columnar grain size measured in this study. L
represents the spacing between regions of 9R phase, and
was determined based on a ratio between the average 9R
width (d9R) and the fraction of columns containing 9R
phase (f9R), plotted in Figure 4(b). Fig. S5 illustrates the
terms described here schematically and relates them to




With L determined, Equation (3) was used to estimate
k9R, which was calculated to be 6.9GPanm1/2. It is rea-
sonable that k9R is greater than kITB (4.7GPanm1/2) as
the diffuse ITB and periodic SF structure provide addi-
tional obstacles to dislocation motion, as supported by
MD simulations [30]. This simple estimation demon-
strates the substantial impact of 9R phase on themechan-
ical properties of these NT Al alloys.
Conclusions
Sputtered Al-Zr alloys have a fine columnar structure
composed of ITBs and abundant 9R phase. The addition
of Zr leads to the formation of supersaturated solid solu-
tion alloys. These microstructural features, coupled with
the high solid solubility, lead to outstanding mechanical
strengths (a high hardness reaching 4.2GPa). DFT cal-
culations reveal that the addition of Zr reduces the SFE
of the Al alloy, and the detwinning energy barrier has
been increased substantially, attributing to the formation
of high twin density and broad 9R phase. Analyses show
that ITBs as well as 9R phase play a critical role in the
strengthening of NT Al alloys.
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